When animals live in cities, they have to adjust their behaviour and life histories to novel environments. Noise pollution puts a severe constraint on vocal communication by interfering with the detection of acoustic signals. Recent studies show that city birds sing higher-frequency songs than their conspecifics in non-urban habitats. This has been interpreted as an adaptation to counteract masking by traffic noise. However, this notion is debated, for the observed frequency shifts seem to be less efficient at mitigating noise than singing louder, and it has been suggested that city birds might use particularly high-frequency song elements because they can be produced at higher amplitudes. Here, we present the first phonetogram for a songbird, which shows that frequency and amplitude are strongly positively correlated in the common blackbird (Turdus merula), a successful urban colonizer. Moreover, city blackbirds preferentially sang higher-frequency elements that can be produced at higher intensities and, at the same time, happen to be less masked in low-frequency traffic noise.
Introduction
Many animals rely on acoustic signals to find mating partners, deter rivals or avoid predators [1] . Especially, in long-range communication, environmental constraints can be severe, and it has often been shown that animals adjust their acoustic signals to the habitat acoustics to ensure effective signal transmission [2] . For example, dense vegetation scatters and absorbs high frequencies of vocalizations and reverberations either degrade [3, 4] or reinforce [5, 6] acoustic signals, depending on the signal structure. This constraint may account for the observation that forest birds often use more low frequency, tonal sounds with slow modulations in amplitude and frequency [7] . But even within a given habitat, the transmission properties of acoustic signals can change with the communication distance [8] , the position of the signaller or the receiver [9, 10] , the season [11] or the time of day ( [12, 13] , but see [14] ). Diurnal fluctuation can also often be observed in the levels of ambient noise, which is another important constraint on acoustic communication [15] . If dominant noise frequencies overlap the signal spectrum, the resulting acoustic masking may disrupt information transfer between individuals and communication may break down. In the recent years, anthropogenic noise and its detrimental influence on acoustic communication received increasing interest, and several studies investigated whether and how animals can cope with this new man-made impact [15] [16] [17] .
Birds use multiple tactics to mitigate acoustic masking by anthropogenic noise. For example, robins (Erithacus rubecula) in cities shift their singing activity more in the night to avoid noisy periods [18] . In addition to changes in singing activity, birds also reduce signal masking by changing the characteristics of their songs. Birds, as well as mammals, exhibit the Lombard effect, i.e. they increase the amplitude of their vocalizations in response to an increase in background noise (reviewed in [19] ), which is used to communicate in the presence of anthropogenic noise [20] . It is also often observed that birds sing at higher frequencies at noisy locations [21] [22] [23] [24] [25] , which is probably the result of vocal plasticity [26] [27] [28] .
High songs are easier to detect in low-frequency noise [29, 30] , but the actual benefits in urban environments are a subject of debate [31] . A recent study demonstrated that the typical rises in frequency found in many city birds are too low to yield a considerable improvement in signal transmission [32] . By contrast, vocal amplitude adjustments are probably much more effective at maintaining the active space of the signal in noise. Therefore, Nemeth & Brumm [32] cautioned that the assumption that the observed small increases in frequency must be an adaptation to masking noise may be premature. Instead, they suggest that the increase in frequency might as well be the outcome of the increased amplitude of bird song in noise [33] .
Such a concurrence of frequency and amplitude shifts could arise in two ways [33] . First, the increased song frequency could be an epiphenomenon of the Lombard effect [34] . In humans, such a passive increase of vocal pitch in Lombard speech has been clearly shown, but it is less well understood in songbirds (reviewed in [19] ). There are only very few published data on the link between amplitude and frequency in bird vocalizations in response to increased levels of background noise. In laboratory experiments, budgerigars (Melopsittacus undulatus) [35] and elegant crested tinamous (Eudromia elegans) [36] increased both the amplitude and frequency of their calls when background noise levels increased, but whether this occurs in the field is unknown. By contrast, the begging calls of juvenile tree swallows (Tachycineta bicolour) were both louder and higher when experimentally exposed to noise in the field, but in the laboratory under similar conditions only call amplitude increased [37] .
Second, there may be a general coupling between vocal amplitude and frequency related to biophysical properties of the sound source and vocal tract. Again, this relationship is better understood in humans than in birds. In absence of voluntary counter-adjustments, both the amplitude and frequency increase with increasing lung pressure [38] . In addition, the vocal tract acts as an impedance-matching filter that allows relatively greater power transfer from the source (the glottis in humans or the syrinx in birds) to the air at higher frequencies than at lower ones [38] . This means that, in humans, higher-frequency sounds tend to be louder than lower frequencies, and that it is relatively more efficient to further increase vocal amplitude at high frequencies than it is at low ones. This same relationship has been demonstrated in the ring dove (Streptopelia risoria), a nonpasserine with a single vocal source (a tracheal syrinx) [39] . In songbirds, sound production is more complex, as they have two independently controlled sound sources (a tracheo-bronchial syrinx), the control of which often requires rapid bilateral coordination of central song control nuclei, respiratory and syringeal muscles, and the dynamic adjustment of the upper vocal tract to match the frequencies produced by either of the sides of the syrinx [40] [41] [42] [43] . However, despite this more complex vocal production system, there is scattered evidence from at least four songbird species for a positive correlation between song frequency and amplitude [44] [45] [46] [47] . Although in these studies, the question has not been investigated directly, they have potentially important implications for understanding changes in vocal behaviour that have been observed in urban species. If this relationship between amplitude and frequency exists in urban bird species, then switching to higher-frequency song elements would automatically lead to higher amplitude songs as well.
In this study, we investigated the relationships between song amplitude and frequency in a successful colonizer of urban areas, the common blackbird (Turdus merula). Two independent studies demonstrated that city blackbirds sing on average at higher frequencies than forest birds [22, 48] . Here, we applied for the first time, to our knowledge, phonetic tools to address the behavioural ecology of animal communication. In particular, we measured the frequencies and amplitudes for each element in blackbird song motifs and created an average phonetogram for the species [49] . We then related this vocal profile to a detailed analysis of the song frequency use in city and forest males. This approach allowed new insights into questions such as why birds sing at higher frequencies in cities. Finally, we calculated the frequencyrelated amplitude differences of typical city and forest birds to test whether a switch from low-to high-frequency elements already leads to an effective increase in amplitude.
Material and methods (a) Study birds
We analysed the songs of two sets of blackbirds: (i) a sample of hand-raised males recorded in sound-attenuating chambers to calculate a vocal range profile, and (ii) recordings from freeliving city and forest blackbirds, which were used to investigate the different usage of songs from within their vocal frequency range. In the first set, we recorded 12 2-year old males, which were always kept in separate aviaries where they could not see but could hear each other. For the sound recordings, each bird was placed in a cage in a sound-attenuating chamber (105 Â 57 cm and 70 cm high) for 2 -3 days. Song activity was continuously recorded using the software SOUND ANALYSIS PRO [50] . Each cage had two perches at the same height close to the ground of the cage and cups with ad libitum water and food. Sound radiation patterns around singing birds show a clear frequencydependent directionality [51 -53] . Therefore, we placed the microphone (Behringer C2) vertically above the perches and midway between them, ca 22 cm from the bird's head. This setup allowed us to minimize variation in song amplitude because of lateral head movements [54 -56] . To measure the effect of variation in the birds' position on the perch on the recorded amplitude and spectrum, we mounted the carcass of a male blackbird in a natural singing position on the perch while white noise and frequency-modulated sweeps (1-8 kHz, rise time 250 ms) were broadcast through the vocal tract of the carcass from a 1 cm diameter loudspeaker mounted in place of the syrinx [51] . The emitted sound was recorded with the same settings as the live birds, with the carcass positioned in the centre and at both ends of the perch (this variation in singing position was greater than the variation observed during the recording of the live birds, which usually sang from approximately the centre of the perch). The maximum difference in recorded sound pressure level was less than 2 dB in all cases (n ¼ 20 repeated measurements at each of the three locations, rspb.royalsocietypublishing.org Proc R Soc B 280: 20122798 standard deviations ranged between 0.08 and 0.19 dB) and the maximum difference in spectral energy distribution of the recorded white noise and of the sweeps was less than 1.6 dB per 1 Hz spectrum level unit within in the range of blackbird song motifs (1.2 -3.5 kHz).
In the second dataset, we investigated habitat-related differences in song frequency usage from field recordings from 16 city and 17 forest birds described in [22] . In brief, territorial males were recorded in the inner city of Vienna and in the mature deciduous forest of the Vienna Woods. Owing to traffic noise, the mean background noise levels in the city territories was significantly higher than at the forest sites (L Aeq : city: 54 dB; forest: 45; L Leq : city: 71 dB; forest: 60 dB). The noise spectra in the forest were dominated by the songs of other species. See Nemeth et al. [22] for further details, e.g. spectral noise profiles.
(b) Acoustic analyses
Common blackbirds have a discontinuous singing style, with strophes that can be divided into motif and twitter parts [57, 58] . We restricted our analysis to the motif part of the song for two reasons. First, the motif portion of the song is higher in amplitude than the twitter elements and thus is crucial for long-range communication in this species [59] . Second, the frequency range of motif elements is narrower and frequencies are lower and thus this part of the song is more heavily affected by low-frequency anthropogenic noise [22, 32] . For the analysis of the song recordings from our laboratory, we used an operational definition of motif elements that allowed an automatic sound processing. In particular, elements were classified as motif elements if they were tonal, had a peak frequency below 3.5 kHz and a bandwidth of less than 2.5 kHz [22, 60] . The acoustic analyses were conducted using the automatic parameter measurement function of the software AVISOFT SASLAB PRO v. 5 (Raimund Specht, Berlin, Germany). Spectral parameters were measured with a frequency resolution of 22 Hz. Temporal parameters were measured separately with a resolution of 2.9 ms. As often occurs in field recordings from urban areas, the lower-pitched part of the songs were partly masked by low-frequency background noise, which impeded the reliable measurement of minimum frequencies [22, 61, 62] . Therefore, we restricted our comparison of field and laboratory recordings to peak frequencies, i.e. the frequency at the maximum amplitude in the spectrum. Sound pressure level was measured as root mean square values using a time window of 125 ms, which is equivalent to the 'fast' time-weighting setting of a sound pressure level meter with flat response curve. It has been shown in several species that mean song amplitude can differ considerably between individuals [55, 56, 63] and this is probably also true among blackbirds. However, as we were interested in within-bird differences in song amplitude rather than between-bird differences, we did not measure the calibrated sound pressure level of the birds. In order to investigate whether song amplitude within individuals varies in a consistent way with frequency, we normalized the amplitude values within each male by setting the maximum value of each bird to 0 dB with other amplitudes reported as negative dB relative to this reference. The captive birds commenced the day with soft vocalizations (cf. [64] ) and then gradually increased their vocal amplitude, which may account for the comparably high variation in amplitude levels. We correlated the mean amplitude and frequency values of all investigated individuals based on the weighted amplitude averages measured in 100 Hz intervals ( figure 1) .
In total, we analysed 13 298 motif elements from the birds in the sound-proof chambers (mean ¼ 1108 elements per male, range ¼ 176-2861 elements) and 4046 from the wild birds (1721 from city males (mean ¼ 108, range ¼ 31-287) and 2325 from forest males (mean ¼ 137, range ¼ 20-341) ). See the electronic supplementary material, tables S1 and S2.
(c) Estimation of amplitude differences between city and forest blackbirds
In a next step, the vocal range of the captive birds and the distribution of peak frequencies in the free-living city and forest birds were used to estimate frequency-dependent amplitude differences between city and forest songs. Assuming that free-living blackbirds show similar frequency-amplitude relationships in their songs as our captive birds, we calculated the average amplitude values for each bird. This was done by multiplying the number of syllables per measured frequency interval with the average amplitude in this interval calculated from the averages of amplitudes in the laboratory. For these calculations, we used the average maximum amplitudes for each frequency, as we assume that in noise birds would sing closer to the upper limits of their vocal intensity [19] . The variation in the differences in amplitude between city and forest birds were calculated by taking the square root of the sum of the squared standard errors of the amplitude distribution in our samples of wild and captive birds. The calculated amplitudes of city and forest birds were compared with a two-sample t-test (two-tailed). 
We used a published model [32] to investigate the effects of amplitude and frequency changes on the communication distances in a noisy city environment (for details, see [32] ). Again, we used the parameter variance measured in the captive and in the wild birds to get variance estimates for our predicted average communication distances in forest and city birds. The error propagation in our model was estimated by linear approximation.
Results (a) Vocal range profile
We found a marked frequency-dependent variation in vocal amplitude in the analysed blackbirds, with a total amplitude range of the vocal profile of 26 dB (figure 1). In the lowerfrequency range up to 2.2 kHz, which is the most relevant for potential masking by traffic noise, maximum, mean and also minimum amplitude values were strongly correlated with (b) Frequency distribution of song elements in forest and city birds
The forest and city birds analysed showed a clear difference in their usage of different element frequencies (figure 2). The forest birds used the frequency band from 1.8 to 1.9 kHz most often (16% of all motif elements), whereas the city birds sang the highest number of elements in the range between 2.2 and 2.3 kHz. Forest males used frequencies below 2 kHz significantly more often than city birds did (Mann-Whitney
(c) Amplitude differences between forest and city birds
In the next step of our analysis, we used the maximum element amplitudes measured in the sound-shielded chambers to calculate potential amplitude differences between city and forest songs in the wild. We found that the use of high-frequency elements with higher amplitudes in city birds leads to an average increase in song amplitude of 2.5 + 0.82 dB (mean + s.e.) over the use of lower-frequency songs of forest birds (t-test:,
The amplitude gain of city birds is even higher when only considering the elements that were used most frequently in the two populations: the city elements at the most commonly used frequency at 2.3 kHz had on average a 6 dB higher amplitude than elements at the frequency that were used most often by the forest birds at 1.8 kHz (figure 2).
Discussion
Our results show that higher-frequency song elements in blackbirds were also higher in amplitude, and that city birds preferentially sang higher-frequency (and thus higher amplitude) song elements than forest birds.
(a) Amplitude increases with frequency
Our phonetogram of blackbird song elements revealed a clear positive correlation of frequency and amplitude in the frequency range up to 2.2 kHz. The variation in amplitude with frequency was remarkably strong, for example, from 1.5 to 2.5 kHz the average maximum amplitude level increased by more than 15 dB. This finding corroborates earlier studies which also reported positive relationships between frequency and amplitude in other songbird species [44 -47] , suggesting that proximate mechanisms, such as physical impedances [65] , biophysical limitations [41] or physiological constraints [66] , may limit the production of loud vocalizations at the lower end of the frequency range.
(b) Different usage of song elements in city and forest birds
We found that city and forest blackbirds differed markedly in their usage of song elements based on element peak frequencies. Interestingly, both distributions were multimodal with maxima at roughly the same frequencies, except that city birds did not sing many elements below 2 kHz. In particular, city birds sang very few elements with peak frequencies around 1.8 kHz, which was a mode in forest birds. Instead, city males sang more elements at frequencies above 2.2 kHz. Biophysical constraints may shape vocal output, for example, if the two sides of the syrinx have different vocal ranges or resonant frequencies, although there are as yet few data on the relationship between amplitude and frequency control in the songbird syrinx [39, 40, 67] . Peak frequencies can be changed either by singing different element types or by shifting the spectral energy within the same syllable types, without changing the overall frequency contour of the element. To find out which is the case in blackbirds, one must do experiments comparing repertoire performance of individual males in noisy and quiet conditions. To this end, published methods for scoring blackbird song elements and repertoire size [57, 68] can be used in combination with spectrographic analyses. The potential use of different song elements in blackbirds could be similar to the switching of song types in noise observed in great tits (Parus major) [69] . Our findings, however, offer an alternative explanation for such song type switching: by choosing higher-frequency elements, birds not only switch to elements that happen to be less heavily masked in lowfrequency traffic noise, but may also exploit an indirect means to sing songs at higher amplitudes.
(c) Implications for communication in noise
Our results indicate that city blackbirds increase their vocal amplitude by singing at higher frequencies. To evaluate the quantitative importance of these increased amplitude values for mitigating acoustic masking by traffic noise, we used a published model for signal transmission of bird song that is based on song amplitude measurements in wild blackbirds and urban noise spectra experienced by birds in cities [32] . According to this model, the frequency shift observed in city blackbird song leads in average city noise to an increase in communication distance by 13 per cent when compared with lower-frequency forest songs. However, the average frequency-related amplitude increase of 2.5 dB found in this study will add an even greater gain, resulting in a total increase in communication distance of 43 per cent. While blackbirds can communicate with forest songs over a distance of up to 30 + 2.1 m (mean + s.e.) in city noise, city songs rspb.royalsocietypublishing.org Proc R Soc B 280: 20122798
can be transmitted over 43 + 2.8 m (mean + s.e.). Thus, in traffic noise, the average transmission benefit of the frequency-dependent increase in song amplitude is much greater than the effect of the frequency shift itself. The differences between low-and high-frequency vocalizations are even larger when considering selected motif elements rather than average values across entire songs.
The most common peak frequency in our forest sample was between 1.8 and 1.9 kHz, whereas the city birds produced most commonly song elements with a peak frequency between 2.3 and 2.4 kHz. By using these higherpitched elements, which can be produced at higher amplitudes, instead of the lower-pitched elements between 1.8 and 1.9 kHz, which are commonly used in forests, blackbirds increase their communication distance from 19 + 1.2 m to 60 + 3.8 m (mean + s.e.).
(d) What is the unit of analysis, songs or elements?
These considerations raise the question whether one should regard the averages of entire songs or certain elements as important for avian communication in noise. Some previous studies have related mean song frequency values to environmental noise levels [21, 22, 28, 70, 71] . Means are the expected values of a random variable from a uniform and ideally Gaussian distribution. In blackbirds, the distribution of song peak frequencies was multimodal, but certainly not normally distributed (figure 2). This may be attributed to the complex sound production mechanism in songbirds [40] . In cases in which bird songs consist of many different elements, the measurement of one mean frequency value of the entire song neglects this variation and may miss important biological variation within songs. Considering only the mean song frequencies in analyses of the vocal behaviour in urban and rural birds may therefore be misleading. In our model [32] , we used published averages of song to calculate communication distances. As shown in the application of the model for the blackbird data reported in this study, a frequency shift for elements at the lower end of the vocal frequency range can have a strong effect on the active space of a song. The same applies to amplitude changes. Eventually, field studies that combine detailed measurements of frequency and amplitude shifts will help to gain a more accurate view of how songbirds adjust their vocal signals in urban noise.
(e) Explanations for higher-frequency city songs Our study shows that the increased amplitude of higher-frequency blackbird song elements yields a greater release from masking than the frequency shifts alone. As shown in previous studies, birds exhibit the Lombard effect [19] and thus city blackbirds probably sing with a higher sound pressure level than forest birds across all frequencies. The resulting higher signal-to-noise ratio would add to the effect of the here described frequency-amplitude relationship. However, it is important to bear in mind that bird song is affected by many more selection pressures than just anthropogenic noise. Blackbird song, especially the motif elements, seems adapted to forest acoustics, where lower frequencies and more tonal elements transmit particularly well [3, 59] . Thus, the greater numbers of low-frequency motif elements in forest birds can also be interpreted as an adaptation to closed habitats. Conversely, as shown for songs of great tits [31] , there is also the possibility that city songs are adjusted to the structure of urban habitats. Furthermore, the song divergence between city and forest birds might also be explained by additional factors that are not related to signal transmission but to other aspects of urban ecology [22] . For instance, the breeding density of blackbirds is generally higher in urban habitats than in forests [72] and as a result, city birds may be engaging in more and more intense territorial interactions. Several studies have shown that a higher arousal is reflected in higher song frequencies in this species ( [44, 73, 74] , but see [75] ). Supporting this view, a recent study on urban great tits [71] found that both noise level and breeding density predicted song frequency. Moreover, forest blackbirds have higher plasma testosterone levels than urban males [76] , and a higher testosterone level may lead to lower song frequencies ( [77] , but see [78] ), which could account for the lower song frequencies in forest blackbirds found in this and other studies. However, all these explanations are not mutually exclusive. The observed patterns of frequency-amplitude variation in this study hint at a physical coupling during sound production, which would operate independently of, and in addition to any changes owing to differences in arousal or testosterone level.
Conclusions
In summary, we show that peak frequency and amplitude were coupled in blackbird song, and that city birds preferentially sang higher-frequency elements that can be produced at higher sound intensities. Both the increased frequency and the related rise in amplitude reduce acoustic masking by lowfrequency traffic noise but the frequency-dependent amplitude change has a greater effect. By choosing higher elements, city birds may further increase their capacity to sing at high amplitudes to mitigate acoustic masking by noise.
